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Abstract 
Simultaneous synchrotron small- and wide-angle X-ray scattering (SAXS/WAXS) was used 
to follow the crystalline morphology evolution of poly-L- lactic acid (PLLA) during uniaxial 
deformation at various draw temperatures (Td). The mechanical behaviour of PLLA, was 
found to be strongly dependent on Td. 2D SAXS/WAXS data taken during the draw showed 
that at low Tds cavitation and voiding occurred and the initial crystallites underwent 
‘overdrawing’ where they slip and are partially destroyed. SEM confirmed that surface 
voiding and cavitation had occurred at Td = 60 and 65 
oC but was absent at higher Tds. During 
the draw, no long-range macromolecular lamellar structure was seen in the SAXS, but small 
crystallites of the disordered α’ crystal form of PLLA were observed in the WAXS at all Tds. 
The PLLA samples were then step annealed in a second processing stage (post-draw) to 
develop the oriented crystalline lamellar structure and increase the amount of the stable α 
crystalline form. SAXS/WAXS data showed that a highly oriented lamellar stack 
macrostructure developed on annealing, with increased crystallite size and crystallinity at all 
Tds. Furthermore, step annealing drove the crystalline transition in all samples from the 
disordered α’ crystal form to the stable α crystal form. Therefore, varying pre- and post-
processing parameters can significantly influence the mechanical properties, orientation, 
crystalline morphology and crystal phase transition of the final PLLA material. 
Key words 






Poly-lactic acid (PLA) is a compostable thermoplastic biopolymer derived from renewable 
resources such as corn starch and sugar cane [1, 2]. It has many uses and applications in 
biomedical devices and tissue engineering due to its biocompatibility and bioresorbability, 
being safely metabolised by the body [3, 4]. As PLA is a biodegradable thermoplastic 
polymer with good mechanical and processability, optical and thermal properties it is 
attracting great interest in textile and packaging industries as a replacement for petrochemical 
plastics [5-7]. However, like any petroleum-based polymer, the mechanical and physical 
properties of PLA are dictated by its crystalline micro- and macrostructure. These properties 
are introduced into a polymer via well-established polymer-manufacturing techniques; e.g. 
melt processing via extrusion, injection moulding, casting, fibre spinning film blowing and 
thermoforming [7, 8]. Thus, understanding and controlling the crystallization and structure 
development in PLA, is fundamental in expanding its commercial applications.  
PLA has two enantiomeric forms, poly-D-lactic acid (PDLA) and poly-L-lactic acid (PLLA) 
[9]. PLLA has a semi-crystalline structure and therefore is the more mechanically stable, 
whilst PDLA is usually amorphous. To control the crystallinity in PLLA low amounts (2%) 
of the D-form improves the processability of  the PLLA but reduces the melting point and the 
crystallinity, and at levels of ~12% D-form content the polymer can become completely 
amorphous [1, 4]. Therefore, the crystalline structural evolution in PLLA is a function of the 
D-form content as well as the processing method employed, e.g. increasing the orientation of 
the molecular chains by applying strain and thermal treatment can increase the crystallinity. 
However, this can be a challenging task due to the various of crystalline forms that exist and 
the slow crystallization rate of PLLA [8].  
Depending on the processing conditions PLLA can crystallize in three main forms, α, β and γ 
[8, 10]. The α crystal form is the most common and stable, developing from melt and solution 
cooling. The α form has an orthorhombic unit cell (a = 10.7 Å, b = 6.45 Å, c = 27.8 Å ), with 
a 103 helical chain conformation [11]. The β crystal form is a less common and is obtained 
when the α form of PLLA is deformed to high draw ratios such as during fibre spinning 
processing [12, 13]; this form has an orthorhombic unit cell (a = 10.3 Å, b = 18.2 Å, c = 9.0 
Å) and a 31 helical chain formation [13]. Further to the α and β forms, a disordered α’ form is 
common in PLLA, having the same crystal lattice of the α form but is more disordered with 
reduced chain packing [10]. This form is observed when PLLA is crystallized below 120 °C, 
and is a precursor to the ordered α form [14, 15].  
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Increasing the α crystal form in PLLA during processing is desirable to improve the 
crystallinity and mechanical properties of the polymer. Many studies have focused on the 
strain-induced crystallization of uniaxial and biaxial deformation of amorphous PLLA at 
different draw temperatures (Td) and strain rates [16-21]. However, fewer studies have 
investigated the crystalline structure development and orientation of PLLA having been pre-
crystallized before processing. Of these, Zhang et al [22] pre-crystallized PLLA to induce the 
α crystal form before uniaxial deformation and concluded that stress and Td are significant 
factors in cavitation formation in the samples. Wang et al [23] investigated the crystalline 
structure by varying Td and strain rate on pre-crystallized PLLA samples. Wide-angle X-ray 
scattering (WAXS) analysis showed that highly oriented crystallites formed at low initial 
crystallinity due to strain-induced crystallization effects and greater orientation is seen at 
lower Td due to slower chain relaxation in the PLLA. Renouf-Glauser et al [24] looked at the 
uniaxial deformation of both amorphous and annealed PLLA using small-angle X-scattering 
(SAXS). The pre-crystallized PLLA, showed the development of a ‘lemon-peanut’ shaped 
SAXS pattern, relating to a cavitation and fibrillated structure. Failure of samples during 
deformation was due to crazing and cavitation and the crystalline structure only controlled 
the extent of deformation. 
Previously, we have reported on the effect of strain rate and draw temperature on the 
crystalline structure of uniaxially drawn amorphous PLLA using SAXS/WAXS, thermal and 
SEM analysis techniques [25]. We applied secondary processing via step annealing to the 
post-drawn PLLA samples in order to develop the crystalline morphology and enhance the 
α’- α crystalline form transition. Our initial work indicated that Td has a significant effect on 
the formation of the α form where Tds between 60-80 
oC induced the α’ form, but at Td  90 
oC, the α form was obtained directly post-draw.  Here, we present further insight into the 
mechanical behaviour and crystalline morphology evolution of pre-crystalline PLLA during 
uniaxial deformation using simultaneous synchrotron small- and wide-angle X-ray scattering 
(SAXS/WAXS) throughout the draw at a 400 ms acquisition time. Additionally, we then 
subjected the samples to secondary processing via step annealing, whereby the evolution of 
the oriented long-range lamellar morphology and α’- α crystalline form transition was also 
followed. Hence, determining the pre- and post-processing parameters that significantly 
influence the mechanical properties, orientation, crystalline morphology and crystal phase 





2. 1 Materials and Sample Preparation 
Commercial Poly-L-lactic acid (PLLA) Luminy L175, was purchased from Total Corbion 
(Netherlands) with the L-isomeric content being ≥ 99 %. The average Mw = 136 kDa, Mn = 43 
kDa and polydispersity = 3.2 was determined from GPC measurements [25]. Before use the 
PLLA pellets were dried for 12 hours at 60 °C and then extruded using a HAAKETM Minilab 
2 twin-screw compounder (Thermo Fisher Scientific, Massachusetts), at 120 rpm and a 
temperature of 180 °C. PLLA was then hot injection moulded using a HAAKETM Minijet at 
180 oC and 600 bar with a mould temperature of 65 oC, to produce rectangular samples for 
tensile testing. Once cooled, samples were stored under ambient conditions.  DSC 
measurements on the processed PLLA determined the values of Tg and Tm at 61 
oC and 175 
°C respectively, with a sharp cold crystallisation Tcc, peak between 94 – 107 
oC [25].  
2.2 Mechanical Testing 
In-situ tensile testing was performed using a computer controlled Instron 3367 tensile testing 
instrument, fitted with a custom-made thermostatic chamber and a 30 kN load cell (as shown 
in Figure 1A). Non-standard rectangular tensile samples with the following dimensions were 
used: gauge length 10 mm, width 5 mm, and thickness 1 mm.  The tensile tests were carried 
out at the constant nominal strain rate of 10 mm min-1, and an isothermal draw temperature 
(Td) range from 60 °C to 75 °C. Samples were extended to 100% of their original gauge 
length, or until failure. Engineering stress (n) and strain (n) values were converted to true 
stress (T)  and true strain (T) as follows; T  = n (1 + n) and T = ln(L/L0), where L is the 
gauge length at a given time during the test, and L0 is the original gauge length.  
2.3 Thermal analysis 
Differential Scanning calorimetry (DSC) was performed on the undrawn and drawn-annealed 
PLLA samples using a DSC1 STARe instrument (Mettler Toledo, USA). Samples of 2-7 mg 
were sealed into standard 40 µL aluminium pans. The heat-cool cycles were carried out under 
a nitrogen atmosphere (50 mL min-1) from 25 – 200 °C at a heating rate of 10 °C min-1 and 
from 200 – 25 oC at cooling rate of 10 °C min-1. 
2.4 In-situ SAXS/WAXS measurements using synchrotron radiation 
Simultaneous two-dimensional SAXS/WAXS measurements were performed on beamline 
I22 of the Diamond Light Source, UK [26], with an X-ray energy of 12.4 keV. Uniaxial 
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drawing of the PLLA samples was performed using the Instron tensile testing instrument as 
described above (as shown Figure 1A and 1B), which was custom-designed to fit the 
beamline [27]. This instrument was positioned on the beamline and samples were secured in 
place via a grip system and located central to the X-ray beam position (Figure 1B and 1C). A 
vacuum chamber (reducing air scattering and absorption) was positioned between the 
thermostatic sample chamber and a Pilatus P3-2M SAXS detector with a sample to detector 
distance of 5.8 m. A Pilatus P3-2M-DLS-L WAXS detector was located at a sample-to-
detector distance of 225 mm. The SAXS and WAXS detectors were calibrated with a 100 nm 
diffraction grating and silicon powder, respectively. 
The PLLA samples were heated to a draw temperature Td between 60 – 75 
oC and soaked for 
three minutes before drawing at each Td. Samples were then drawn at a strain rate of 10 mm 
min-1 to 100% elongation and simultaneous SAXS/WAXS data was acquired at a frame rate 
of 1 s (400 ms collection and 600 ms dead time) throughout the 60 s draw. Once the draw 
was complete, samples were then step annealed at temperatures between 90 – 160 °C: 
samples were heated to the annealing temperature and then held at that temperature for 180 s. 
Once annealed, SAXS/WAXS data was taken at a frame rate of 400 ms at each annealing 
temperature. 
 
Figure 1. In-situ tensile testing instrumentation. A: Instron instrument with thermostatic 
hearting chamber; B: Inside of the thermostatic heating chamber showing a drawn PLLA 
sample; C: Instron instrument with thermostatic heating chamber positioned on I22 beamline 




2.4.1 SAXS/WAXS data analysis.  
2D SAXS/WAXS data reduction and analysis was performed using DAWN [28, 29] and 
CCP13 Fibrefix [30], software suites. Data were normalized for sample thickness, 
transmission and background scattering. 
The 2D SAXS/WAXS data were reduced to 1D profiles of intensity (I) versus scattering 
vector (q) (where q = (4π/λ) sin(θ), 2θ is the scattering angle and λ is the X-ray wavelength), 
from meridional sector integrations averaged symmetrically around the draw direction, at a 
fixed angle and radius, q. Radial azimuthal 1D profiles were obtained from the 2D SAXS 
data at fixed radius q from the angular variation in intensity, over an azimuthal angle φ, range 
of 0 - 360°(i.e. I (q, φ)). The resulting two peaks in the 1D SAXS azimuthal profiles were 
then fitted using Lorentzian functions to obtain the average full width half maximum 
(FWHM) allowing the relative orientation changes of the lamellar stacks to be determined. 
Correlation functions were computed from the 1D meridional SAXS scattering profiles using 
the Corfunc software routines [31] incorporated into the SasView SAXS analysis package [32]. 











R       (1) 
where I(q) is the scattering intensity and Qs is the experimental invariant obtained from the 1D 
SAXS profile between the experimental limits of q1 (first data point) and q2 (region where I(q) 
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Correlation functions were computed via the extrapolation of the 1D SAXS data (q → ∞) 
according to Porod’s law [33] and a Guinier model back extrapolation (q → 0) [34]. The 
correlation function analysis assumes an ideal two-phase lamellar morphology [34, 35] where  
various parameters including long period, Lp, crystalline layer thickness Hb, and estimated local 
percent crystallinity Xc  can be extracted [31]. 
 
2.5 Scanning electron microscopy measurements 
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Scanning Electron Microscopy (SEM), was performed using a TM3030 Plus table-top 
instrument (Hitachi High-Technologies, Tokyo, Japan). All samples were imaged without 
surface preparation using back-scatter electron (BSE) detection at 5 kV. 
3. Results and discussion 
3.1 Mechanical testing   
Figure 2 shows representative true stress-true strain data at different draw temperatures (Td), 
just below and above the glass transition of the PLLA (Tg = 61 
oC) [25]. Generally, one can 
distinguish some characteristic regimes for PLLA within the temperature range of interest. In 
particular, the polymer shows a typical glassy response at Td = 60 °C with a significant stress 
drop (around 10 MPa) and associated strain softening behaviour. The origin of yield drop in a 
glassy polymer near the glass transition is understood as plastic strain-induced structural 
evolution, called rejuvenation [36]. The yield drop is followed by the onset of strain 
hardening at the value of true strain beyond 0.2. It is noteworthy to mention that the PLLA 
fails at the true strain of around 0.45 (i.e. before reaching the maximum nominal strain of 1) 
at Td = 60 
oC.  
At Td 65 -70 °C, there is an absence of yield peak in this temperature regime, but the material 
is still retaining some unrelaxed glassy contributions, as indicated by the significant gradient 
of the initial portion (up to around ~0.02 of true strain) of the stress-strain curve. 
Additionally, the onset of strain hardening behaviour starts at around 0.05 of the true strain, 




Figure 2. True stress – strain curves for PLLA drawn at Td between 60 – 75 
oC.  
At Td = 75 °C the PLLA seems to exhibit the behaviour of an elasto-viscous melt with some 
strain hardening. This is the regime where the PLLA response can be described as being 
governed by the stresses arising from the perturbation of conformational entropy of the 
entangled chain network, with possible modifications of the deformation behaviour arising 
from the stress-induced pre-crystallisation [36].  
From the mechanical testing data, it can be seen that idealised stress-strain behaviour is 
observed in the region of Td 65-70 
oC, whereas at Td = 60 
oC (just below Tg), significant 
yielding is observed; similar results have been observed in PLLA during drawing and 
temperature between 60 – 80 oC [37]. The mechanical response at different Tds, can be 
understood by following the micro- and macrostructure development during drawing, which 
can be observed from time-resolved SAXS/WAXS during in-situ uniaxial drawing of the 
polymer, which is covered in Section 3.3.  
3.2 Thermal analysis 
Thermal analysis gives initial information of the melting and crystallization temperatures and 
bulk crystallinity with respect to Td. Figure 3 shows the DSC thermograms of the heat-cool 
cycles of the drawn and annealed PLLA. In the heating cycle, Figure 3A, the glass transition 
temperature Tg can be seen at around 61 
oC for all samples. Table 1 gives the melting 
temperature Tm, crystallization temperature Tc and percent bulk crystallinity Xc, for all PLLA 
samples obtained from the DSC thermograms in Figure 3.  
Table 1. Thermal data: Tm, Tc and Xc obtained from DSC thermograms for PLLA drawn at Td 
between 60 – 75 oC. 
Td/ oC Tm/oC Tc/ oC Xc/% 
60 176 98 30 
65 176 97 30 
70 177 97 32 
75 177 95 40 
 
The melting temperature Tm is 176 – 177 
oC for all the drawn-annealed PLLA samples and no 
significant change is seen with respect to Td. There is a small crystallization peak observed 
before the melting peak, at 162 oC, for Td = 60 and 75 
oC, which has been attributed to the 
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transition of the disordered αʹ to the more ordered α crystal form before melting [38-41]. 
Furthermore, the DSC heating thermographs do not show any cold crystallization peaks (Tcc), 
which is common in pre-processed PLLA [25, 39, 42]. The heat-cool DSC thermograms for 
the as-processed undrawn PLLA is given in Figure S1 of the supplementary material; as with 
the drawn PLLA, there is no obvious cold crystallization peak and the value of Tm = 176 
oC. 
Hence, drawing of the PLLA has no effect on Tm compared with the undrawn PLLA. 
Similarly, there is no Tcc observed so the sample has some crystallinity induced by the 
processing technique used (this is confirmed later in the SAXS/WAXS analysis).   
The percentage bulk crystallinity (χc) was calculated for the drawn PLLA samples from the 











                   (3)               
where ΔHm, is the enthalpy change during melt, and ΔHm
0 is the theoretical enthalpy change 
that occurs from the melting of 100 % crystalline PLLA, having a value of 93 J g-1 [43]. From 
the results listed in Table 1, the crystallinity is seen to increase with increasing (Td >65 
oC), as 
previously observed in this annealing temperature range [25] 
 
Figure 3. DSC thermograms of PLLA samples drawn at Td between 60 – 75 
oC and annealed 
at 160 oC; A: heating cycle and B: cooling cycle. 
Figure 3B shows the cooling cycle for all samples. A very broad crystallization peak Tc, is 
observed at ~97 oC (also seen in the as-processed undrawn PLLA in Figure S1), showing that 
some crystallinity does return in the samples at a cooling rate of 10 oC min-1. This is not 
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usually observed for PLLA at this cooling rate, due to the slow crystallization kinetics of the 
material [44, 45]. This would suggest that the processing conditions and annealing treatment 
produces some residual nucleation sites which prevail from the melt to induce some 
crystallization on cooling [46].   
3.3 Time-resolved SAXS/WAXS data during drawing of PLLA 
To relate the morphology and crystalline structure development, 2D simultaneous 
SAXS/WAXS data was taken before and throughout the drawing process. Firstly, the samples 
were soaked for three minutes at each draw temperature before drawing. SAXS/WAXS data 
was taken prior to the draw to evaluate the initial morphology of the samples. Figure 4A, 
shows the 2D SAXS/WAXS patterns of the samples at Td between 60 – 75 
oC. Generally, 
there is little macrostructure observed in the 2D SAXS, which is confirmed in Figure 4B, 
where the 1D profiles show no peaks, other than at 70 oC where a very broad peak appears to 
have developed at q ~ 0.02 – 0.04 Å-1. Comparing the 2D WAXS at all temperatures, there 
are oriented diffraction spots on the equator of the patterns. The 1D profiles in Figure 4C, 
show that the PLLA has an initial crystalline structure where the peaks can be indexed to be a 
mixture of the αʹ/α crystal forms.  
 
Figure 4. A: 2D SAXS/WAXS patterns pre-draw at Td between 60-75 
oC; B: corresponding 
1D SAXS profiles and C: corresponding 1D WAXS profiles.  
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The initial crystalline structure of the PLLA is also confirmed in the DSC as no cold 
crystalline peak is observed in the undrawn sample (Figure S1). Hence, the initial injection 
moulding processing of the PLLA material followed by soaking of the sample at each Td, can 
induce some crystallinity in the samples before drawing (observed from the presence of  the 
peaks in the 1D WAXS profiles relating to the αʹ/α crystal forms). However, no long-range 
lamellar structure is established, from the lack of ordered SAXS. Further to this, Figures S2 
and S3, show the 1D SAXS/WAXS profiles of the as-processed undrawn PLLA; the SAXS 
again shows no long-range structure is present in the PLLA, but the WAXS does show the 
main (110)/(200) and (203) peaks for the αʹ crystal form. Thus, there are some initial 
crystallites formed in the sample when processed and are identified as the disordered αʹ 
crystal form.  
To determine the structure development during the drawing process, 2D SAXS/WAXS 
patterns were taken every second throughout the draw. Figure 5A, shows selected frames of 
2D SAXS patterns at Td between 60 – 75
 oC, (where the draw direction is vertical in all 
cases). At Td = 60 
oC, there is a small change in the intensity in the draw direction after yield 
around 8 s (see Figure 5B which gives 2D SAXS at points on the tensile curve), this develops 
as the draw continues. Similar behaviour has been observed in PLLA and other semi-
crystalline polymers where initial voiding occurs in the amorphous regions after yield 
perpendicular to the draw direction [22, 47, 48]. As the draw continues (beyond 30 s), 
increased scattering appears perpendicular to the draw direction (on the equator) around the 
central beam stop and is attributed to increased formation of cavities and voids forming 
parallel to the draw direction [21, 22]. At Td = 65 – 70 
oC, scattering develops in the draw 
direction (small lobes form), indicating again that some voiding is developing perpendicular 
to the draw direction. As the draw continues the scattering from the lobes tends to decrease 
and increased scattering is seen in the equatorial direction (see Figure 5C which shows 2D 
SAXS at points on the tensile curve at Td = 70 
oC). Here, the amorphous chains orient and the 
crystallites slip, but as the draw enters the strain hardening region, voiding again occurs [21, 
22]. Conversely, at Td = 75 
oC, the SAXS patterns show no structure throughout the draw. At 
this higher draw temperature the amorphous chains have greater mobility and are elongated 




Figure 5. A: Selected 2D SAXS patterns during the 60 second draw period at Td between 60 
– 75 oC; 2D SAXS patterns corresponding to various points on the mechanical testing curve 
for; B: at Td = 60 
oC and C: at Td = 70 
oC. 
To gain a greater insight into the crystallite slip process, 2D WAXS was also obtained 
throughout the drawing process. Figure 6, shows selected frames of 2D WAXS patterns at Td 
between 60 – 75 oC, (the draw direction is vertical in all patterns). Initially, at 1s into the 
draw, with Td between 60 – 75 
oC, all samples show an oriented crystal structure with intense 
scattering arcs of the (110)/(200) planes indicating a mixture of the αʹ/α crystal forms (as 
indicated in Figure 4C). At Td 60 – 70 
oC, as the draw progresses, the (110)/(200) scattering 
arcs become broader indicating that the crystallites have lost some orientation. Hence, as the 
crystallites are drawn, they slip, and partial destruction occurs leading to a breakdown in 
orientation being observed at lower Tds. This trend has been reported during uniaxial drawing 
of PLLA, being referred to as ‘over-drawing’ [21, 23, 42]. Figure S4, shows 2D WAXS 
patterns at various points on the stress-strain curve for Td = 60 
oC. Before and after yielding 
the WAXS patterns show arcs of intensity on the equator (perpendicular to the draw), 
indicating oriented crystallites in the PLLA. Beyond the yield peak in the strain hardening 
region, the equatorial arc intensity becomes more diffuse (increase in azimuthal spread), 





Figure 6. Selected 2D WAXS patterns during the 60 second draw period at Td between 60 – 
75 oC. (The draw direction is vertical in each pattern.) 
 
3.4 SEM of PLLA samples 
The surface of the PLLA samples post-draw were examined to determine if any surface 
crazing has occurred and to confirm the evolution of voiding and cavitation. Figure 7 shows 
the SEM images of PLLA samples drawn at Td between 60 -75 
oC, where the draw direction 
is horizontal (as indicated in the figure) in all cases. At Td = 60 
oC, large crazing and 
cavitation in the sample is observed perpendicular to the draw direction. As this temperature, 
is below Tg, the molecular motion of the molecules is restricted and so cavities occur more 
easily in the amorphous regions and stress whitening occurs [48]. This is also confirmed in 
the 2D SAXS (Figure 5A and 5B), where, as the draw proceeds after yielding, some 
equatorial scattering is seen to develop from this cavitation. For the sample drawn at Td = 65 
oC, some voiding and cavitation is also observed in the SEM surface image (Figure 7B). At 
Td between 70-75 
oC (Figure 7C and 7D), the surface appears much smoother with a lack of 
voiding, again this fits with the 2D SAXS, where the equatorial scattering is reduced or does 




Figure 7. SEM surface images of PLLA post-draw where the draw direction is horizontal in 
all images. A: Td = 60 
oC; B: Td = 65 
oC; C: Td = 70 
oC and D: Td = 75 
oC. 
 
3.5 Structure development during annealing post-draw from SAXS/WAXS 
The crystalline structure and orientation post-draw can be developed by step annealing the 
PLLA samples. Figure 8 shows the 2D SAXS/WAXS patterns at each draw temperature step 
annealed from 90 to 160 oC. The 2D SAXS patterns reveal that at all draw temperatures, a 
distinct spot-like intensity develops in the draw direction, which is indicative of a well-
oriented lamellar morphology [14, 25, 49]. As the annealing temperature increases, the spots 
collapse into the central beam stop, which indicates an increase in the average lamellar-
amorphous repeat distance. The 2D WAXS patterns post-draw at Td between 60 -75 
oC, and 
annealed at 90 oC, show the diffraction arcs of the αʹ/α crystal forms of PLLA, indicating that 
the crystallites are oriented in the draw direction (as part of the larger lamellar crystalline 
layers). As the annealing temperature increases the diffraction arcs start to reduce in 
azimuthal angle and become more centred on the equator, indicating that the orientation and 
crystallite perfection is developing within the sample. However, at Td = 75 
oC, the crystallites 
appear to be less well oriented at 90 oC as these diffraction arcs have greater spread in 
azimuthal angle, and even during annealing there seems little change in the orientation and 
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crystal perfection of the crystallites. However, the relative orientation of the lamellar stacks 
during annealing can be determined by further analysis of the 2D SAXS patterns.  
 
Figure 8. 2D SAXS/WAXS patterns of post-drawn PLLA at Td between 60-75 
oC, then step 
annealed from 90 oC to 160 oC. (The draw direction is vertical in all images.)  
 
3.5.1 Development of lamellar stack orientation post-draw during annealing 
To obtain a more quantitative understanding into how the lamellar stack orientation develops 
in the PLLA samples during the step annealing process, 1D azimuthal profiles of the 2D 




Figure 9. Development of 1D SAXS azimuthal profiles of PLLA during step annealing; A: 
drawn at Td = 60 
oC; B: Td = 70 
oC. C: change in FWHM for drawn PLLA at Td between 60 – 
75 oC during step annealing. 
Figure 9A and 9B, show example 1D SAXS azimuthal profiles of PLLA drawn at Td = 60 
oC 
and Td = 70 
oC and then step annealed, respectively (similarly Figure S5, shows the 1D 
SAXS azimuthal profiles of PLLA drawn at Td = 65 and 75
oC). The azimuthal profiles show 
two distinct peaks which develop during the annealing process. The development of the 
lamellar stack orientation during the annealing process for all samples was obtained from the 
average FWHM of the peaks and is shown in Figure 9C (note Figure S6, shows an example 
of the Lorentzian peak fitting of the 1D SAXS azimuthal profile to obtain the FWHM for 
PLLA draw at Td = 60 
oC and annealed at 130 oC). In Figure 9C, a reduction in FWHM 
indicates an increase in orientation. Generally, the lamellar stack orientation for all samples is 
seen to increase with increasing annealing temperature. Furthermore, the draw temperature 
has a significant effect on the overall orientation, with the greatest seen at Td = 60 and 65 
oC, 
then decreasing with Td = 70 
oC. The least lamellar stack orientation is seen at Td = 75 
oC, 
which is confirmed in the 2D WAXS (Figure 8), where the spread in azimuthal angle of the 
diffraction arc is evident at this draw temperature. The reduction in orientation is expected at 
the higher Td’s (70-75 
oC), as at these temperatures the molecular chains are more mobile 
(being up to 15 oC above Tg) and can relax [25, 50] and so the lamellar stacks grow with a 
greater variation in orientations around the draw direction.  




Figure 10. 1D SAXS meridional profiles of PLLA during step annealing; A: Td = 60 
oC; B: 
Td = 65 
oC; C: Td = 70 
oC and D: Td = 75 
oC.  
To investigate the crystalline morphology development during step annealing of the drawn 
PLLA samples, a detailed analysis of the 1D meridional SAXS data was carried out. Figure 
10A – 10D, shows the development of the 1D SAXS meridional profiles of the drawn PLLA 
at Td between 60 – 75 
oC, and during step annealing from 90 – 160 oC.  At each Td, the 1D 
SAXS profiles show no apparent structure development post-draw, except at Td = 70 
oC, 
where a very broad peak is observed at q = 0.02 – 0.05 Å-1, indicating the emergence of the 
long-range lamellar crystalline morphology in the draw direction. At an annealing 
temperature of 90 oC, all samples show the development of a broad SAXS peak with a peak 
between q = 0.03 – 0.04 Å-1. As the annealing temperature increases this peak is seen to shift 
to lower q values in all samples with a reduction in the width of the peak. At annealing 
temperatures between 110 – 160 oC and Td between 60 – 70 
oC, a second peak broad peak is 
observed at q ~0.06 – 0.07 Å-1. The second peak is assigned as the second order as the 
position is around double that of the first order peak. The development of a second order peak 
suggest that the lamellar crystalline repeat structure is well developed and highly ordered in 
the draw PLLA samples [25, 51]. However, at Td = 75 
oC, no second order peak is observed 
in the 1D SAXS profiles and the first order peak at q ~ 0.03 Å-1 is broader that those at the 
other Tds, which indicates that the crystalline lamellar structure is not as well developed in 
this sample (as shown as well in the 2D SAXS/WAXS data (Figure 8) and orientation (Figure 
9C)).  
Correlation function analysis was performed on the 1D meridional SAXS profiles in Figure 
10, to extract more detail about the crystalline lamellar morphology development in the 
PLLA samples during step annealing. Figure 11A shows example correlation functions for 
drawn PLLA samples at Td = 60 
oC and 65 oC and annealed at 90 oC. Figure 11B, shows the 
change in long period (Lp), which is the average repeat distance of crystalline and amorphous 
layers in the lamellar stacks, with annealing temperature of the drawn samples. As the 
annealing temperature increases, the Lp increases for all Tds, which is verified in Figure 10, 
where the 1D SAXS peak position shifts to lower q with increasing annealing temperature 
[25, 52]. Figure 11C, shows the crystalline lamellar layer thickness, Hb, and as with Lp, this 
increases with annealing temperature, where the greatest lamellar thickness is seen where Td 
= 60 – 65 oC at the annealing temperature of 160 oC. The increase in lamellar thickness is 
mirrored with increasing local crystallinity, as shown in Figure 11D. Here, the crystallinity 
18 
 
increases most for Td = 65 
oC during the annealing process, but the final crystallinity for all 
Tds at 160 
oC tends to level-off at a value of ~40%.  
 
Figure 11: Correlation function analysis of PLLA 1D SAXS profiles. A: examples of 
computed correlation functions for PLLA post-draw at Td = 60 
oC annealed at 90 oC and Td = 
65 oC annealed at 90 oC; B – D: change in long period (Lp), change in crystalline layer 
thickness (Hb), change in local crystallinity with increasing annealing temperature, 
respectively. 
Generally, the correlation function analysis of the 1D SAXS profiles has confirmed that the 
crystalline lamellar macrostructure develops in the PLLA samples as the annealing 
temperature increases, regardless of the Td. The final crystallinity tends to a constant value for 
all samples at the maximum annealing temperature. However, to investigate the 
micromorphology development, in particular crystallite transitions that occur in the samples 
during annealing, a detailed analysis of the 1D WAXS is required. 
3.5.3. Crystalline transitions from 1D WAXS 
Figure 12A, shows 2D WAXS from the final frame of the draw (at 60 s) where the main 





Figure 12. Final frame of the of the draw (60 s) at Td between 60-65 
oC A: 2D WAXS (the 
draw direction is vertical in all images); B: corresponding 1D WAXS profiles. 
There are several differences in the final 2D WAXS from the draw; at Td = 65 
oC the main 
(110)/(200) and (203) diffraction arcs for the α/α’ crystal forms are evident; as the Td 
increases (65 – 70 oC) the patterns become more complex and more hkl diffraction arcs 
develop, which include more of those that relate to the stable α crystal form. The observation 
that the diffraction arcs for Td between 60 - 70 
oC are concentrated on the equator (horizontal 
to the draw direction) indicates that the α/α’ crystallites are well-oriented in the draw 
direction [19, 25]. In contrast, at Td = 75 
oC, the pattern shows mainly the (110)/(200) and 
(203) diffraction arcs for the α/α’ crystal forms being slightly less complex that those at lower 
Tds. Furthermore, the diffraction arcs have become more ring-like (increased azimuthal 
spread), indicating that the crystallites are not as well oriented (in the draw direction) in this 
sample. This is confirmed in the reduced lamellar stack orientation at this Td as shown in 
Figure 9C.  Figure 12B, shows the corresponding 1D profiles of the 2D WAXS patterns at all 
Tds. Again, the main diffraction peaks for the α/α’ crystal forms are labelled on the profiles. 
The 1D profiles also show a broad amorphous scattering peak centred at ~1.2 Å-1, which 
appears to be more intense for the sample drawn at Td = 75 
oC (which is also obvious in the 
2D WAXS), indicating that this sample is less crystalline than the others at lower Tds post-
draw. Hence, from the 1D WAXS profiles at the final frame of the draw, all samples show a 
20 
 
mixture of the oriented α/α’ crystal forms but the 1D SAXS (Fgure 10), indicates that no 
long-range lamellar morphology has developed at this stage.  
 
Figure 13. 1D WAXS profiles of PLLA drawn and step annealed up to 160 oC; A: Td = 60 
oC; B: Td = 65 
oC; C: Td = 70 
oC; D: Td = 75 
oC. 
 
Therefore, to develop the crystal structure and enhance the amount of the α crystal form, the 
samples were annealed post-draw up to 160 oC. Figure 13 shows the 1D WAXS profiles for 
all Tds as the samples are step annealed with the peaks of the α/α’ crystal forms labelled. At 
Td = 60 
oC the 1D WAXS profile shows more peaks starting to emerge as the sample is 
annealed; at annealing temperatures between 110 - 130 oC, several peaks which relate to the 
pure α crystalline form being indexed as (004)/(103), (204) and (210) start to develop, 
whereas the (116) and (018) α’ peaks start to diminish in intensity. At 160 oC, the (207) and 
(0010) peaks for the α crystalline form are now observed so there is a greater fraction of this 
crystal form present in the sample. Similarly, this is also observed for Td 65 – 75 
oC (Figure 
13B – 13D) where the 1D WAXS patterns become more complex with more peaks evolving 
as the annealing temperature increases, indicating the transformation of the least stable α’ 
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crystal to the more stable α crystalline form. Furthermore, the 1D SAXS analysis also 
confirms that the crystallinity and long-range lamellar ordering, also increases with 
increasing annealing temperature, during secondary processing.  
4. Conclusions  
Here we have combined mechanical testing with in-situ simultaneous SAXS/WAXS, thermal 
and SEM techniques to investigate the influence of Td on the crystalline morphology and 
orientation development of PLLA during uniaxial drawing and how this structure then 
evolves during step annealing from secondary processing. The thermal and SAXS/WAXS 
data showed that the undrawn PLLA had some initial oriented crystalline structure which was 
generated from the injection moulding processing of the samples. From the mechanical 
testing at Td = 60 
oC (being just below Tg), PLLA shows significant yielding and strain 
hardening behaviour, however Tds between 60 – 75 
oC, idealised stress-strain behaviour is 
then observed. Thermal analysis of the post-drawn PLLA showed that the Td does not alter 
the melting temperature, but the crystallinity increases at Td > 65 
oC. During the drawing 
process, time resolved SAXS/WAXS showed that at low Tds cavitation and voiding occurred 
and the initial crystallites underwent ‘overdrawing’ where they slip and are partially 
destroyed. SEM confirmed that surface voiding and cavitation had occurred at Tds of 60 and 
65 oC but was absent at higher Tds. However, no long-range macromolecular lamellar 
structure was seen post-draw, but small crystallites of the disordered α’ crystal form of PLLA 
were observed. Therefore, to develop the crystalline lamellar structure and increase the 
amount of the stable α crystalline form, all the PLLA samples were step annealed in a second 
processing stage. The SAXS/WAXS data showed that a highly oriented lamellar stack 
macrostructure developed on annealing, with increased crystallite size and crystallinity at all 
Tds. Furthermore, step annealing drove the crystalline transition in all samples from the 
disordered α’ crystal form to the stable α crystal form.  
The results reported have confirmed that the injection moulding process produced some 
initial crystalline structure in the PLLA, which influenced the mechanical properties, 
crystallinity and crystalline phase transformation in PLLA during drawing and then 
throughout secondary processing. Therefore, varying pre- and post-processing parameters can 
significantly influence the orientation, crystal phase and micro- macromorphology of the final 
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